In the Bacillus amyloliquefaciens α-amylase (BAA), the loop (residues 176-185; region I) that is the part of the calcium-binding site (CaI, II) has two more amino acid residues than the α-amylase from Bacillus licheniformis (BLA). Arg176 in this region makes an ionic interaction with Glu126 from region II (residues 118-130), but this interaction is lost in BLA owing to substitution of R176Q and E126V. The goal of the present work was to quantitatively estimate the effect of ionic interaction on the overall stability of the enzyme. To clarify the functional and structural significance of the corresponding salt bridge, Glu126 was deleted (∆E126) and converted to Val (E126V), Asp (E126D), and Lys (E126K) by site-directed mutagenesis. Kinetic constants, thermodynamic parameters, and structural changes were examined for the wild-type and mutated forms using UV-visible, atomic absoption, and fluorescence emission spectroscopy. Wild-type exhibited higher k cat and K m but lower catalytic efficiency than the mutant enzymes. A decreased thermostability and an increased flexibility were also found in all of the mutant enzymes when compared with the wild-type. Additionally, the calcium content of the wild-type was more than ∆E126. Thus, it may be suggested that ionic interaction could decrease the mobility of the discussed region, prevent the diffusion of cations, and improve the thermostability of the whole enzyme. Based on these observations, the contribution of loop destabilization may be compensated by the formation of a salt bridge that has been used as an evolutionary mechanism or structural adaptation by the mesophilic enzyme. , and other Bacillus amylases have been determined. All the X-ray structures of α-amylases reported so far contain a calcium ion with high affinity at a conserved calcium-binding site, which is located at the interface between domains A and B (CaI) [3, 21, 22] . CaI connects domains A to B and, therefore, contributes to stabilization of the active site structure and controls the formation of the extended substrate-binding site [22] . The second calcium ion (CaII) is located close to the conserved calcium ion (CaI), and in the presence of a sodium ion, they form a calcium-sodium-calcium metal triad at the interface of domains A and B. This triadic array exists in B. licheniformis α-amylase (BLA) [22] and that from closely related Bacillus species such as α-amylase from B. amyloliquefaciens (BAA) [4] and B. stearothermophilus (BStA) [32] . It is the common feature of α-amylases that calcium ion is required for their structural integrity, thermal stability, as well as enzymatic activity [24, 39] . Domain B has a significant contribution in the total flexibility
Bacterial α-amylases provide useful materials for research on the relationship between the protein amino acid sequence and the stability of its biologically active conformation, which is one of the central problems of molecular biology [33] . The α-amylases from B. amyloliquefaciens (BAA), B. stearothermophilus (BStA), B. licheniformis (BLA), and Bacillus sp. strain KSM-1378 (AmyK) are liquefying-type enzymes, and their primary structures resemble one another. When suitably aligned, the deduced amino acid sequence of BAA exhibits 80%, 66%, and 66.7% identities to those of BLA [42] , BStA [32] , and AmyK [35] , respectively. Despite the resemblance of their primary structures, they show diversity in heat and pH stabilities; the thermal stability dramatically increases in the following order Bacillus sp. strain KSM-1378 [16] , B. amyloliquefaciens, B. stearothermophilus, and B. licheniformis [38] . The three-dimentional structures of BLA [22] , BStA [32] , AmyK [29] , BAA [1] , and other Bacillus amylases have been determined. All the X-ray structures of α-amylases reported so far contain a calcium ion with high affinity at a conserved calcium-binding site, which is located at the interface between domains A and B (CaI) [3, 21, 22] . CaI connects domains A to B and, therefore, contributes to stabilization of the active site structure and controls the formation of the extended substrate-binding site [22] . The second calcium ion (CaII) is located close to the conserved calcium ion (CaI), and in the presence of a sodium ion, they form a calcium-sodium-calcium metal triad at the interface of domains A and B. This triadic array exists in B. licheniformis α-amylase (BLA) [22] and that from closely related Bacillus species such as α-amylase from B. amyloliquefaciens (BAA) [4] and B. stearothermophilus (BStA) [32] . It is the common feature of α-amylases that calcium ion is required for their structural integrity, thermal stability, as well as enzymatic activity [24, 39] . Domain B has a significant contribution in the total flexibility *Corresponding author Phone: +98-21-44865939; Fax: +98-21-44865767; E-mail: Roseata_Zonouzi@yahoo.com of BAA [1] , and residues 176-185 (region I or loop) from this domain construct part of the cage responsible for attachment to the calcium [9, 21, 22] . Suzuki et al. [33] demonstrated that thermostability of BAA was drastically improved by deletion of Arg176-Gly177 and substitution of Lys269Ala using site-directed mutagenesis. They proposed that an increase in hydrophobicity enhanced the thermostability of the enzyme. Machius et al. [21, 22] also suggested that the loop containing Arg-Gly residues in BAA has two more amino acid residues than BLA that could cause an increase in mobility of this region and decrease the thermostability of the whole protein. The bulge that was created in this region [1] could facilitate the loop displacement and cation diffusion when the temperature rises. On the other hand, the first flexible region of BLA, residues 118-130 (region II), is more flexible and accessible than BAA [17] . Arg176 from region I makes an ionic interaction with Glu126 (from region II) ( Fig. 1 ), but this interaction is lost in BLA owing to substitution of R176Q and E126V, so the corresponding loop in BLA has plunged into the structure instead of interacting to the distal part of the structure [1] . Therefore, it might be speculated that (i) deletion of Glu126 would produce conformational release, leading to thermostability by compactness of the BAA structure [1] , and (ii) the contribution of loop stabilization by shortening two amino acid residues to the thermostabilization of BLA may be compensated by the corresponding salt bridge in BAA, so the presence of this interaction may cause a decrease in the flexibility and, therefore, increase the conformational stability of the enzyme.
To examine which prediction is actually applicable to BAA, Glu126 was deleted (∆E126) and changed to Val (E126V), Asp (E126D), and Lys (E126K) by site-directed mutagenesis. The mutants were used as valuable materials for structural studies, such as UV-visible, atomic absoption, and fluorescence emission spectroscopy. Structural changes during the thermoinactivation process were monitored and compared with the wild-type.
MATERIALS AND METHODS

Materials
All chemicals used were of reagent grade or higher. Oligonucleotides were synthesized by MWG (Germany). The genomic DNA extraction kit was obtained from Real Biotech. (Taiwan). PWO (DNA polymerases from Pyrococcus woesei) was purchased from Roche (Germany). The restriction enzymes, T4 ligase, DpnI, IPTG (isopropyl-ß-D-1-thiogalactopyranoside), and PCR reagents were supplied by Fermentas (Germany). 3,5-Dinitrosalicylic acid (DNS) and Tris were purchased from Sigma (USA). The Ni-NTA agarose was obtained from Amersham Biosciences (USA), and pET21a vector was from Novagen (USA). Escherichia coli XL1 Blue and E. coli BL21 (DE3) were obtained from Stratagene (USA). All other chemicals were from Merck (Germany).
Bacterials Strains, Plasmid, and Growth Conditions Bacillus amyloliquefaciens (ATCC 23350), isolated from soil samples, was obtained from the Iranian Centre of Industrial Fungi and Bacteria Collection. Escherichia coli XL1 Blue and E. coli BL21 (DE3) were used as hosts for cloning and expression, respectively. The PCR product was cloned into the expression vector pET21a (+). Bacillus amyloliquefaciens was cultured in medium containing (g/l) peptone (5), meat extract (3), agar (15) 
Cloning of the BAA Gene in pET21a
The genomic DNA was isolated from BAA using a genomic DNA extraction kit. Primers were made by removing the coding sequence for the signal peptide and introducing NdeI and NotI restriction sites at the 5' and 3' ends, respectively: 5'-GGAATTCCATATGGTAAACGGTACGCTGATGCAG-3' (forward) and 5'-ATAAGAATGCGGCCGCTTTCTGAACATAAATGGAGA CGG-3' (reverse). The α-amylase gene was amplified from purified total DNA using the polymerase chain reaction (PCR). The PCR product was digested with NdeI and NotI restriction enzymes and ligated into the restriction enzymes-cleaved pET21a (+) with T4 DNA ligase at 37 o C for 12 h [15] . Then the ligation mixture was transformed into E. coli XL1 Blue [6] . Sequencing was performed using an automatic sequencer (MWG, Germany) by the T7 promoter and T7 terminator universal primers. 
Site-Directed Mutagenesis
Mutagenesis was carried out using the QuikChange site-directed mutagenesis method described by Fisher and Pei [12] . Then two pairs of chemically synthesized oligonucleotides (MWG, Germany) were designed as follows:
The 50 µl PCR mixture contained 0.2 µg of template DNA, 10× PCR buffer, 15 µM of each primer, 0. C for 2 h to digest parental DNA template. The remaining product was transformed into E. coli XL1-blue by the chemical transformation method [6] . Five clones were selected randomly for sequencing and the mutagenesis was confirmed by MWG Germany.
Protein Expression and Purification
The constructed expression plasmid was used to transform E. coli strain BL21 (DE3). Transformants carrying BAA genes were grown at 37 o C for overnight in 10 ml of Luria-Bertani medium supplemented with ampicillin (100 mg/ml). Subsequently, 300 ml of medium was inoculated with 500 µl of overnight culture and grown at 37 o C with vigorous shaking until the OD 600 reached 0.6, after which IPTG was added to a final concentration of 1.5 mM and the culture was further incubated (overnight) at 22 o C with vigorous shaking. The cells were harvested by centrifugation (5,000 ×g for 15 min) and lyzed by sonication in buffer containing 50 mM Tris-HCl and 50 mM NaCl (pH 7.5). The pellet was then harvested by centrifugation (6,000 ×g, 15 min) and incubated in lysis buffer (50 mM Tris-HCl, 300 mM NaCl, 6 M urea, pH 7.5) for 2 h at room temperature and refolded by sequential dialysis against 4, 3, 2, 1, and 0 M urea in 50 mM Tris-HCl (pH 7.5), 50 mM NaCl, and 1 mM dithiothreitol. The cells were removed by centrifugation (10,000 ×g) for 20 min at 4 o C and the supernatant was used for further purification. Purification was carried out using an Ni-NTA agarose column as described by the manufacturer (Amersham Biosciences).
Determination of the Enzymatic Activity and Protein Concentration α-Amylase was assayed at room temperature using potato starch as a substrate in 50 mM Tris buffer (pH 7.5) containing 50 mM NaCl and 10 mM CaCl 2 . The concentration of reducing sugars obtained from the catalyzed reaction was measured by the dinitrosalicylic acid method according to Bernfeld [2] . Protein concentration was determined by the Lowry method [20] . In order to determine the kinetic parameters, measurements were carried out using 15 different substrate concentrations ranging from 0.2 to 10 K m . We had blanks for each starch concentration and the differential absorbance was used to determine the activity. Initial velocities data were fitted to the Michaelis-Menten equation, and steady-state kinetic parameters K m , V max , k cat and k cat /K m for mutants and the wild-type were determined [11] . The results are the mean value of three independent experiments that were repeated for reproducibility.
Measurements of Thermal Inactivation, and Optimum pH and Temperature of the Enzymes Purified BAA and mutants in 50 mM Tris-HCl, 50 mM NaCl, 10 mM CaCl 2 , pH 7.5 were incubated at 75 o C and 80 o C for differing times, and samples were snap-cooled in an ice-water bath and then assayed for residual activity at 37 o C. Plots of the log of residual activity versus time were linear, indicating a first-order decay process under these conditions, where the slope gave the value of the inactivation rate constant k inact [14] .
The specific activity of the wild-type and mutant enzymes were measured at various pHs after 30 min at given temperatures (10 o C to 80 o C) for the mutant and wild-type enzymes. The buffers used (50 mM) were as follows: Glycine-HCl buffer (pH 2.2-3.6), Sodium acetate buffer (pH 3.6-5.6), Phosphate buffer (pH 5.6-8.6), and Glycine-NaOH buffer (pH 8.6-10.6).
Calculation of Thermodynamic Parameters
The apparent first-order rate constants (k cat , k inact ) were used to calculate the energy of activation according to the Arrhenius equation:
) is the rate constant at temperature T (K), A is a preexponential factor related to steric effects and the molecular collision frequency, R is the gas constant (8.314 J mol
, and E a is the activation energy of the reaction. Hence, a plot of ln k versus 1/T gives a straight line with the slope being -E a /R. The thermodynamic parameters of activation were determined as follows:
where k B is the Boltzmann constant (1.3805 × 10
) is the rate constant at temperature T (K), ∆G # is the energy barrier for the reaction, ∆H # is the activation enthalpy, and ∆S # is the activation entropy. All measurements were performed in at least three independent experiments. The deviations from the averages that are shown in this study were less than 10%.
Fluorescence Quenching by Acrylamide Measurements were carried out in a protein solution (final concentration 50 µg/ml) with different acrylamide concentrations ranging from 0 to 0.3 M, using acrylamide stock (2 M) at 25 o C. Emission spectra were recorded between 300 and 400 nm at an excitation wavelength of 280 nm. Quenching data were analyzed in terms of the SternVolmer constant, K SV , which was calculated from the ratio of the
unquenched and the quenched fluorescence intensities, F0/F, using the relationship F0/F = 1 + K SV [Q] . Q is the molar concentration of the quencher [10] . The intrinsic protein fluorescence F was corrected for the acrylamide inner filter effect f, the latter being defined as shown in the following equation:
using an extinction coefficient of 4.3 M -1 cm -1 for acrylamide at 280 nm.
Determination of Calcium Content
The purified enzymes were dialyzed at 5 o C against 20 mM Tris-HCl (pH 7.5). Quantitative determination of the calcium content of wildtype BAA and ∆Glu126 were performed by atomic absorption spectrophotometry in three runs, each in triplicate. The system was calibrated using metal calibration standard solutions in the range of 0-5 ppm. The buffer was also used as a control and its value was subtracted from the sample values. These data allowed us to calculate the mole of calcium per mole of enzyme.
RESULTS AND DISCUSSION
Influence of the Mutations on the Kinetic Constants
The kinetic parameters k cat and K m were determined for the wild-type and mutant enzymes. All mutants exhibited lower k cat and K m but higher catalytic efficiency than the wild-type ( Table 1 ). The catalytic efficiency of the wildtype was less than other known mutants. These results indicate that the substitution and deletion not only abolished the amylase activity but also significantly affected the catalytic efficiency of the enzymes. As previously reported, amino acids implicated in the catalytic reaction of α-amylase has generally been localized in four highly conserved regions [23] . Since Glu126 of BAA is not situated in these regions, mutations improved catalytic efficiency through decreasing K m , not increasing k cat . The specific activities of the four recombinant enzymes were measured at different pH values. The optimum pH for the enzymes was around 6.5-7.
In order to understand the decrease in k cat , the temperature dependence of the catalytic activity and structural changes of the variants during the thermoinactivation process were studied.
Temperature Dependence of the Catalytic Activity
In various studies, the activity of several α-amylases was measured as a function of temperature. One use of these measurements was to determine the optimum temperature for maximal enzyme activity, which is an important parameter in characterizing the thermal adaptation process [7, 13] . The T opt could be related to the thermostabilities of the selected α-amylases. Unexpectedly, in the presence of 10 mM CaCl 2 , all of the mutant α-amylases showed a temperature optimum as low as that of BAA (55 o C). To clarify the specific role of Glu126, which is reflected in a lower k cat , the activities of E126V, E126D, E126K, and ∆E126 as a function of temperature were analyzed. Based on thermodynamic calculations at 55 o C, all mutants exhibited higher ∆G # but lower activation energy (E a ), activation enthalpy (∆H # ), and activation entropy (∆S # ) than the wildtype ( Table 2 ). As expected, the activation free energy barrier (∆G # ) obtained for the mutant enzymes was greater than the wild-type, because of the negative effects of the activation entropy (∆S # ) and positive effects of the activation enthalpy. Thus the removal of the salt bridge decreased the activation entropy, suggesting an increase in the local flexibility at the loop relative to the wild-type. According to recent studies, the introduction or removing of the salt bridge in the mesophilic or the thermophilic enzyme changed the activation energy, which was accompanied by changes in both activation enthalpy and entropy [19] .
Thermal Inactivation
The thermal denaturation of enzymes is accompanied by the disruption of noncovalent linkages, including hydrophobic interactions, with concomitant increase in the enthalpy of activation [8] . The opening up of the enzyme structure is accompanied by an increase in the disorder, randomness, or entropy of activation [41] . In order to understand the effects of the corresponding salt bridge in the protein structure, thermoinactivation rates for all variants were determined at 75 o C and 80 o C in the presence of 10 mM CaCl 2 (Fig. 2) . Irreversible thermoinactivation of the wild-type and its variant was also compared. As shown in Table 2 13.1 ± 0.29 183.4 ± 2 14.00 ± 0.10 6.5-7 E126D
13.4 ± 0.29 181.4 ± 2 13.54 ± 0.10 6.5-7 E126K
11.1 ± 0.58 142.6 ± 5 12.85 ± 0.05 6.5-7 ∆E126
11.7 ± 0.58 129.4 ± 6 11.06 ± 0.01 6.5-7
Kinetic parameters were measured from initial rates at different concentrations of starch over the range 0.2 to 10 K m , at 37 o C in 50 mM Tris buffer (pH 7.5) containing 50 mM NaCl and 10 mM CaCl 2 .
mutant enzymes were more sensitive to heat inactivation than the wild-type. Among the mutants, ∆E126 showed a notable decrease in the thermoresistance of enzyme, whereas the other variants led to slower inactivation rates and more prolonged half-lives. Differences in half-lives among E126V, E126D, E126K, and the wild-type diminished at higher temperatures, due to the fact that irreversible inactivation is increased at elevated temperatures as a result of increased structural flexibility. The calcium ion binding affects the inactivation properties and thermodynamic parameters of BAA and some enzymes [18, 36] . Results indicate that the thermal stability of mutants and wild-type enzyme are strongly dependent on calcium ion (data not shown), as reported before in wild-type [26] . Thus, the calcium content of wild-type BAA and ∆E126 was determined by atomic absorption spectrophotometry. Values of 3.7±0.2 and 1.8±0.4 (mole/mole; Ca 2+ /enzyme) were obtained for wildtype BAA and ∆E126, respectively. Analysis of the thermodynamic parameters of activation for the inactivation process (Table 2) at 75 o C showed that, as expected, the inactivation rate constant (k inact ) for wild-type was the lowest and, correspondingly, the energy barrier for inactivation ∆G # was the highest. Moreover, the positive apparent activation entropy was higher in the wild-type and was compensated by a higher activation enthalpy. The irreversible inactivation of BAA was explained by a simple two-step mechanism: calcium ion depletion, followed by an irreversible conformational change [36] . Therefore, our calculated parameters may consist of the contributions of both calcium-binding and irreversible thermoinactivation of the enzyme. Indeed, weakening of the calcium-binding may be the reason for the decreased thermodynamic parameters of all mutants.
The activation entropy represents the difference in the extent of local disordering between the transition state and the ground state for the inactivation pathway. Thus, the positive ∆S # is in agreement with increasing local disorder in the transition state when compared with the ground state [5, 30] . The increasing ∆S # value as a function of calcium concentration is considered to be due to the degree of disorder in the structure needed to reach the transition state for the unfolding, because the structural packing in the ground state was firmly stabilized by the calcium ion. Therefore, the corresponding salt bridge between Arg176 and Glu126 might be entropically favorable at high temperatures via restricting flexibility.
Fluorescence Quenching by Acrylamide
The results of quenching experiments allow us to assess the relative solvent exposure of different types of fluorophores. The more exposed a fluorophore is, the more effective the collisional quencher will be in reducing the fluorescence intensity displayed by that molecule [7, 10, 40] . Fig. 3 depicts the Stern-Volmer plot and fluorescence quenching by acrylamide at pH 7.5. The quenching constants (K SV values) calculated for the wild-type was lower than for the mutants ( Table 2 ). The Stern-Volmer plot indicates that the aromatic amino acids in mutants are more exposed compared with the wild-type; therefore, tryptophan fluorescence is quenched more in the case of the former. Therefore, this result indicates more solvent exposed Trp residues in the mutants. On the other hand, mutation induces a looser and more flexible environment around the aromatic residues.
Natural deletions in the BLA loop (region I) have created a favorable backbone strain that is nearly parallel with the corresponding salt bridge in BAA and is responsible for decreasing the displacement and flexibility of the loop and diffusion of cations. It has been suggested that the structure in BAA is stabilized by this interaction. First, the destabilizing effect of the loop length has been rationalized theoretically by the increase in the entropic Table 2 . Thermodynamic parameters and structural parameter of wild-type and mutant BAAs.
Enzymes
T opt a (°C) cost of forming a loop. Second, this interaction decreases the movement of the flexible loop and region II. Therefore, the corresponding salt bridge in the wild-type might be responsible for the decrease in the entropy changes by reducing the amount of water molecules around regions I and II through increasing internal packing. Thus, deletion of this interaction expands the cavity to be formed between the two regions (I, II) and exposes the calcium-binding site to water and calcium diffusion. According to computational modeling of the mutants, the notable change in flexibility upon the removal of the salt bridge was localized in the side-chain conformation of the loop arginine residue, because the unrestrained arginine residue can populate more rotamer conformations and is directed toward the surface.
In conclusion, we have shown that the deletion and substitution of Glu126, which is located in a loop within domain B of BAA, decreased thermostability and increased flexibility. The difference in the stability of α-amylases from B. amyloliquefaciens (BAA) and B. licheniformis (BLA) was due to differences in the degree of internal packing. Loosening of the internal packing might be responsible for the increase in the amount of water molecules around the enzymes and thus the increase in the entropy changes of both α-amylases [33] . Sequence analyses revealed that shortening of exposed loop regions has been used by thermophilic organisms as an evolutionary mechanism to create more thermally stable enzymes [37] , like BLA. Based on our studies, the bulge created in the loop region could facilitate the loop displacement [1] , and ionic interaction between Arg176 (region I) and Glu126 (region II) adds to the overall stability of the surface loop through decreasing loop flexibility and preventing diffusion of cations when the temperature rises. Therefore, in BAA, the contribution of loop destabilization by inserting two amino acid residues may be compensated by the corresponding salt bridge, which has been used as an evolutionary mechanism by the mesophilic enzymes. Indeed, the salt bridge is a structural adaptation for mesophilic α-amylase. However, further study will be required to more thoroughly elucidate the microenvironmental topology around the two discussed regions (I, II) in the BAA thermostability. 
